2007), potentially contributing to the highly invasive behavior of the introduced lineage.
Because the native and introduced subspecies are so closely related, it seems likely that they should be able to interbreed. However, to date no conclusive evidence for this has been detected in wild populations. Various researchers have speculated that this was due to a phenological barrier, but Meyerson and colleagues (2010) have demonstrated overlap of anthesis between multiple native and introduced populations both in the field and in a common garden experiment. In addition, they have also successfully produced hybrids of the native and introduced subspecies, although so far all viable offspring have introduced pollen parents and native seed parents suggesting unidirectional gene flow. Speculation persists as to why wild hybrids have not thus far been detected in tidal marshes and include reasons such as undersampling and outbreeding depression ) and salinity constraints on germination and seedling growth (Bart and Hartman 2003) . More recently, dozens of new native populations have been identified that are within range to interbreed with nonnative populations (Blossey and Hazelton, pers. comm.) . These discoveries increase the possibility that wild hybrids will be found.
Introduction of the nonnative strain of Phragmites is considered a prerequisite for the invasion and spread of this species into tidal wetlands of New England and Atlantic Canada (Saltonstall 2002) . Phragmites exhibits many characteristics of successful invasive species, summarized by Meyerson et al. (2009) . As an early colonizer of disturbed environments, Phragmites typically establishes in wetlands that have been recently altered by human activities (Bart et al. 2006; Peterson and Partyka 2006) . Physiologically, the nonnative haplotype exhibits a number of adaptations to tidal wetland habitats, including effective osmoregulation of rhizome-started plants in brackish water (Vasquez et al. 2005) , tolerance to flooding and to toxic sulfide relative to freshwater species , greater nutrient use efficiency (Saltonstall and Stevenson 2007) , greater rates of photosynthesis and stomatal conductance , greater rhizome growth (League et al. 2006) , and decreased susceptibility to herbivory relative to native haplotypes (Park and Blossey 2008) . This is the enigma for tidal wetland restoration, in that many wetlands altered by human intervention-and thus targeted for restoration-have provided the optimum conditions to encourage Phragmites invasion and spread (Roman et al. 1984) . Indeed, Niering and Warren (1980) considered the presence of Phragmites a signature of wetland alteration in New England tidal marshes. Even though Phragmites may become established in apparently pristine wetland sites, it is human facilitation of Phragmites introduction and spread that is most commonly observed (Bart et al. 2006) . For much of the twentieth century, Phragmites was observed invading and spreading into tidal wetlands where some form of physical disturbance of wetland hydrology, soils, or plant community structure had recently occurred. Much like an early successional species, Phragmites is capable of exploiting small-scale "safe sites" commensurate with physical habitat disturbance (Bart and Hartman 2003) . Once established, the plant expands primarily via clonal growth (Amsberry et al. 2000) and quickly becomes a dominant species.
Phragmites is found growing in different wetland types, but this summary focuses on the incursions of Phragmites into tidal marshes where alterations of tidal flow have occurred. Implicit in the discussion of the science and management of tidal flow restoration is the science and management of Phragmites, simply because the history of Phragmites invasion and spread is tied so closely with wetland alteration.
Impacts of Phragmites in Tidal Wetlands
Once established, dense stands of Phragmites may grow to heights exceeding 3 to 4 meters and physically prevent or displace native marsh vegetation, including Spartina alterniflora (smooth cordgrass), S. patens (salt meadow cordgrass), Distichlis spicata (spikegrass), Juncus romerianus (black needlerush), and other high marsh species, via competitive dominance for light and nutrients (Windham and Meyerson 2003; Meyerson et al. 2009 ) and perhaps allelopathy (Bains et al. 2009 ). Some of these changes in plant community structure are driven both by the presence of Phragmites and by the initial alteration of the wetland via restricted tidal flows. Phragmites modifies the biotic environment both at the soil surface and aboveground, effectively excluding potential competitors (Minchinton et al. 2006 ) and reducing species diversity (Lambert and Casagrande 2007; Lelong et al. 2007) . Beyond the obvious changes in vegetation, however, Phragmitesdominated wetlands are significantly different from other tidal marshes in other ways.
Soil Structure
Phragmites invests a tremendous amount of carbon storage belowground, both as roots and as rhizomes. Bulk soil organic matter is tied up in both live and dead Phragmites tissues that effectively form a mat 5 to 20 centimeters thick. The Phragmites mat and accumulated litter sit atop the wetland soils; combined with enhanced sediment trapping, the wetland surface in a Phragmites-dominated tidal marsh tends to grow higher in elevation (Rooth et al. 2003) . Further, the root and rhizome mat creates a more uniform surface elevation of the marsh, yielding less variation in microtopography and reducing the density of incipient channel formation (Lathrop et al. 2003) . Interestingly, Phragmites is also capable of extending deep roots through shallow, saltier marsh pore water to plumb deeper freshwater lenses (Burdick et al. 2001) .
In many wetlands where tidal flows have been reduced, however, decreased tidal flooding and, as a consequence, decreased salinity tend to encourage the introduction and expansion of Phragmites. These same, reduced flow conditions also tend to oxidize previously deposited wetland peat, so that soil elevation decreases relative to sea level. These wetlands with restricted tidal flows experience both subsidence associated with peat oxidation (Anisfeld, chap. 3, this volume) and increasing surface elevation associated with Phragmites root and rhizome deposition.
Hydrology
Especially in tidal wetlands where the flow of saline water has been inhibited, Phragmites is capable of establishing and expanding (Burdick and Konisky 2003) . Beyond this initial human facilitation, however, Phragmites "engineers" wetland hydrology in a number of ways. First, because Phragmites grows in dense stands, movement of tidal water across wetland surfaces is slowed, and hydroperiods are decreased as a consequence. Not only is the time of inundation typically reduced in wetlands where Phragmites has been introduced; the depth of flooding is also shallower. As a result, the Phragmites rhizosphere remains oxidized in even saline wetlands for extended periods of time. During neap tidal phases, Phragmitesdominated tidal wetlands may not flood at all . These long periods of rhizosphere exposure are apparently sufficient to offset oxygen or carbon stress during more extensive periods of inundation during spring tidal phases.
In many tidal wetlands Phragmites competes with Spartina spp. that are C 4 plants adapted to reducing water loss in a hypersaline environment. As a C 3 plant, evapotranspirative fluxes by Phragmites pull more water from the soils than C 4 plants and tend to draw down the water table. Water evaporated from the leaf surfaces is replaced by root uptake of soil water below the soil surface; in turn, soil water is replaced by infiltration. Relative to C 4 -dominated wetlands, the turnover of pore water is much faster in Phragmites-dominated wetlands, which may facilitate both the flushing of toxins and the delivery of nutrient-and oxygen-rich water into the rhizosphere. Collectively, these hydrologic characteristics appear to create positive feedbacks of decreased flooding stress and increased plant growth that allow Phragmites to establish and thrive in wetlands with reduced or restricted tidal flooding.
Animals
Numerous studies have examined the possible change in habitat function and value as introduced Phragmites expands through tidal-marsh ecosystems. Some have reported declines in juvenile and larval habitat as the Phragmites invasion progresses, especially for Fundulus heteroclitus (mummichog; Osgood et al. 2003; Hunter et al. 2006) . F. heteroclitus is the most abundant species in these habitats and is considered a major conduit for transfer of marsh, epibenthic, and water column production to higher trophic levels (Kneib 1986 ). In Phragmites-dominated tidal marshes, fish species and crustaceans may not be reduced in terms of diversity and total abundance (Warren et al. 2001) . Fell et al. (2003) suggested Phragmites might be a better nursery habitat for fish and macroinvertebrates relative to oligohaline marshes vegetated by other plant species. Similarities in nekton abundance have also been shown for Phragmites and non-Phragmites marshes at similar elevation and flooding frequency (Osgood et al. 2006) , suggesting the change in faunal community structure in tidally restricted wetlands is not driven by Phragmites per se but more by reduction in tidal flooding. Carbon, nitrogen, and sulfur from Phragmites wetlands is detected in estuarine food webs Wozniak et al. 2006 ) and contributes to the production of marine resident and transient species , but the relative importance of Phragmites plant detritus in supporting secondary production in adjacent estuaries has not been quantified.
Phragmites-dominated tidal wetlands in Connecticut have been shown to exhibit fewer birds overall and fewer state-listed species relative to short-grass marshes dominated by Spartina and other species (Benoit and Askins 1999) . In a recent study in Rhode Island, foraging egrets were never observed in Phragmites stands (Trocki and Paton 2006) . Another study found that neither blue herons nor egrets nested in Phragmites stands, but that Phragmites patches were critical nesting habitat for some wading birds and also provided a buffer from human disturbance (Parsons 2003) . As one component of a wetland matrix including other vegetation, mudflats, and tidal creeks, Phragmites stands appear to serve as valuable avian habitat for numerous species, including some marsh specialists. In many degraded wetlands with restricted tidal flow, however, Phragmites monocultures are not utilized as extensively, an outcome related both to the loss of other habitat types in Phragmites monocultures and perhaps to the absence of tidal exchange.
Biogeochemistry/Nutrient Cycling
Phragmites is a colonizing, early successional species, but it exhibits some characteristics typical of a mature, climax species. So, for example, nutrients tend to be recycled fairly tightly in Phragmites stands, and most nutrients are stored in organic form in the mass of live and standing dead material (Windham and Meyerson 2003) . The total standing stock of nitrogen in a Phragmites-dominated wetland is very large; thus the nitrogen requirements for the plant are large (Meyerson et al. 2000) . Silliman and Bertness (2004) were first to associate local nitrogen enrichment from shoreline development with Phragmites invasion. Since then, a number of studies have verified the association of Phragmites establishment and spread with local nitrogen enrichment from adjacent upland environments. Wigand and McKinney (2007) used stable isotopic analysis of plant tissue to show that Phragmites incorporates nitrogen derived from different types of shoreline development. King et al. (2007) found positive correlations between coastal urbanization and nitrogen content of Phragmites, a proxy for nitrogen availability/ uptake. Chambers et al. (2008) found that Phragmites occurrence along the shoreline of Chesapeake Bay was correlated with agriculture in the adjacent uplands. Although other mechanisms are plausible, collectively these studies indicate that nutrients derived from upland sources may supplement the limiting pool of available nitrogen in wetlands. Especially if these high marsh locations have experienced localized disturbance such as peat disturbance and rhizome burial (Bart et al. 2006 ), the combination with nutrient enrichment may facilitate the invasion and spread of Phragmites.
Phragmites appears to exploit forms of nitrogen that are not as readily available to other wetland species. found that both Phragmites and Spartina alterniflora were able to incorporate dissolved organic nitrogen species, but that the introduced Phragmites had significantly greater urea assimilation rates than either native Phragmites or S. alterniflora. Ecophysiological differences including larger nitrogen demands and overall greater photosynthetic rates may contribute to the success of the introduced haplotype in North American tidal wetlands, especially in areas of nitrogen enrichment . To this end, watershed-derived nitrogen from freshwater runoff, groundwater discharge, and atmospheric deposition all may contribute to satisfying nitrogen demand and facilitate Phragmites establishment and spread in coastal wetlands.
The combination of restricted tidal flows and Phragmites growth tends to draw down the water table; thus the soils are relatively oxidized. Oxidation of reduced sulfur compounds (iron monosulfide and pyrite) in Phragmites-dominated marsh soils can create slight to moderate acidity in the rhizosphere. Metal oxides and manganese and iron plaques may form on the roots and rhizomes of Phragmites where phosphorus may be immobilized. These plaques do not seem to limit plant growth (Batty et al. 2002) , although Packett and Chambers (2006) measured high foliar N:P molar ratios of over 50:1 in Phragmites marshes, suggestive of phosphorus limitation. In Phragmites marshes with restricted tidal flows, the physical growth form of Phragmites (Windham and Meyerson 2003; Minchinton et al. 2006) and apparent sequestration of a large nutrient pool together are sufficient to exclude most other plant species.
Responses of Phragmites to Tidal Restoration
Implicit in tidal marsh restoration is a relative increase in the exposure of marsh soils to flooding by saline water, accomplished via larger culverts, breaching of dikes, or ditch-plugging (Konisky et al. 2006) . Simenstad et al. (2006) ask what we are restoring to, noting that shifts in both the restoring landscape and external forcing functions shaping that landscape have to be considered along with the goals of restoration. With respect to Phragmites, the object of most tidal restoration efforts is to eliminate the nonnative species while encouraging reestablishment of a tidal wetland dominated by native marsh vegetation. Unfortunately, restoration pathways are not simply the reverse of prior degradation pathways (Zedler and Kercher 2005) ; that is, a hysteretic effect exists for which the wetland may fail to return to its original state once the external force (in this case, the tidal restriction or invasive species Phragmites) is removed (Valega et al. 2008 ). To some extent, tidal wetlands will self-organize when tidal flows are restored and Phragmites dies back, but some constraints may exist associated with respect to factors both within and external to the wetland. So, for example, wetland soil structure may be altered so dramatically that the "restored" vegetation community is different from that prior to Phragmites invasion. The plant community outcome after reflooding may be a unique result of species interactions involving the relative stress tolerance to physical factors and competitive strength (Konisky and Burdick 2004) . In this study, for example, Phragmites continued growing even in higher-salinity zones with regular flooding. Finally, the wetland ecosystem may exhibit sufficient heterogeneity that only some portions successfully "restore" (Callaway 2005) . The surrounding upland watershed and regional environment may have changed to the extent that the "before Phragmites" wetland type cannot be a realistic end point for restoration (Warren et al. 2002) .
Nevertheless, success stories documenting restoration of tidal flows leading to reduced or eliminated growth of introduced Phragmites are common. Despite its remarkable success in degraded polyhaline and even some euhaline marshes, Phragmites is a brackish marsh species typically occurring in the high marsh. Phragmites owes its success in degraded marshes to the reduction in tidal flows that converts a flooded salt marsh to a more exposed brackish marsh. In this sense, restoration of tidal flows does offer opportunity to allow tidal water, salt, and sulfide to stress the invader and encourage native halophytic vegetation Konisky and Burdick 2004) . More saltwater tends to eliminate many of the advantages Phragmites has in wetlands with restricted tidal flow, and the species moves to higher elevations (Smith et al. 2009 ). Warren et al. (2002) summarized twenty years of science and management of marsh restoration in Connecticut, noting that "recovery rates"-assessed in part as reduction in various plant parameters related to Phragmites vigor and coverage-varied more with restoration hydroperiod than with the salinity of the tidal water. Phragmites reduction was more rapid in wetlands with lower elevation, longer hydroperiod, and higher water table. Low marsh habitats invaded by Phragmites tended to restore to S. alterniflora wetlands in just a few years after reintroduction of tidal flows, whereas reduction in Phragmites expanse in higher marsh habitats took one to two decades. Return of marsh invertebrates, fish, and avian fauna was variable and did not always parallel the rates of recovery of native vegetation (Brawley et al. 1998) . Konisky et al. (2006) reported monitoring results from thirty-six tidal salt marsh restoration projects in Maine and found that replacement of brackish species including Phragmites and recovery of halophytes was typically observed three or more years following restoration. Restoration of tidal flushing in a salt marsh in Ipswich, Massachusetts, led to variable decreases in Phragmites vigor after four years (Buchsbaum et al. 2006) . In Rhode Island, Roman et al. (2002) found that restoration of tidal flow in a restricted marsh significantly decreased Phragmites abundance and height after just one year, and that the entire vegetation community was converging toward that of an adjacent, unrestricted tidal marsh. Tidal exchange has been enhanced at over sixty-five wetland sites along the Connecticut coast, with reduction or elimination of Phragmites one of the major outcomes (Warren et al. 2002; Rozsa, chap. 8, this volume) . Based on these studies, restoration of full wetland functionality for higher trophic levels including fish and birds may take decades (Fell et al. 2000) . Further, restoration of tidal flows and elimination of Phragmites may yield other unintended consequences, as found in a Rhode Island marsh where greater nest failure by sharp-tailed sparrows initially was observed owing to flooding of the nests (DeQuinzio et al. 2002) .
Restoration success of tidal marshes invaded by Phragmites has primarily been measured by changes in both plant and nekton communities. Marshes with restricted tidal flow may support large numbers of nekton, but the restrictions limit contributions of those nekton to estuarine productivity (Eberhardt et al. 2011) . Reducing restrictions and enhancing tidal flooding typically increase the abundance and diversity of fishes and crustaceans (Roman et al. 2002; Jivoff and Able 2003; Able et al. 2004) , and increase the support of the estuarine food web (Wozniak et al. 2006) . In fact, nekton use of the restored marsh surface may occur before Phragmites is replaced (James-Pirri et al. 2001) , with restoration of the most restricted wetland sites exhibiting the most dramatic shift in nekton assemblages (Raposa and Roman 2003) . In other studies, however, changes in nekton could not be demonstrated as a result of tidal restoration and reduction in growth of Phragmites (Buchsbaum et al. 2006; Raposa 2008) , suggesting that nekton abundance and diversity are not directly tied to the presence or vigor of Phragmites.
Most successful tidal restoration programs in polyhaline wetlands have also been successful Phragmites removal efforts, but many tidally restricted salt marshes have been opened to tidal flow already; that is, fewer opportunities for restoration of restricted salt marshes remain in New England. For oligohaline and mesohaline wetlands, the timescale for Phragmites removal postrestoration of tidal flow is variable (Buchsbaum et al. 2006) and may be on the order of decades, if at all (Warren et al. 2002) . Nationally, more opportunities exist for restoring tidal flows to wetlands in which Phragmites has not yet fully invaded (e.g., the extensive diked tidelands along the southeastern US coast). In these marshes, tidal restoration can perhaps prevent, rather than cure, invasion of nonnative Phragmites.
Future of Phragmites
As most scientists and managers realize, the objective of tidal wetland restoration is not necessarily to eliminate Phragmites but to control its dominance. The general tidal marsh restoration goal is to restore specific functions and services, some of which may be provided by Phragmites. Invasion and spread of Phragmites historically have been viewed in a negative sense because the functions and ecosystem services of "pre-Phragmites" wetlands are deemed more valuable (Hershner and Havens 2008 ), yet some Phragmites wetlands do provide important ecosystem services, including shoreline stabilization in a time of rising sea level, energy dissipation during storm surges, and rapid nutrient uptake during a time of coastal eutrophication (Ludwig et al. 2003) . None of these services are provided by native Phragmites that historically has been a minor component of tidal wetland communities; beyond the argument for maintaining native diversity, its future in New England tidal marshes is in doubt. Given the ongoing transformation of the coastal landscape driven by an expanding human population, global climate change, and other environmental pressures, the nonnative haplotype of Phragmites may become more valued in New England and Atlantic Canada tidal marshes during the twenty-first century.
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